A potential consequence of anthropogenic climate change, foreseen for the coming century, is a change in the distribution and incidence of malaria (1) (2) (3) (4) (5) (6) (7) . Although malaria eradication campaigns and socioeconomic development have caused malaria to disappear from many areas in which it had previously been endemic, in many tropical countries malaria remains a major cause of illness and death. Approximately I110 million clinical cases occur annually, and more than 1 million people, mostly children, die from malaria in tropical Africa (8) .
Malaria incidence is determined by a variety of factors, particularly the abundance of anopheline mosquito species, human behavior, and the presence of malaria parasites. Anthropogenic climate change may directly affect the behavior and geographical distribution of the malaria mosquitoes and the life cycle of the parasite, and thus change the incidence of the disease. Indirectly, climate change could also have an effect by influencing environmental factors such as vegetation and the availability of breeding sites.
This study assesses, by integrated mathematical modeling, the effects of projected changes in temperature and precipitation on mosquito and parasite characteristics and their potential impact on malaria risk, and has followed two complementary approaches (9) . One cycle model, and climate model). A thorough description of the IMAGE model can be found elsewhere (10, 11) . Using the method of Santer et al. (12) , the simulated global mean temperature changes are converted in time-dependent series of changes in regional seasonal temperature and precipitation by standardizing the output of a General Circulation Model (GCM). GCMs have been shown to simulate current temperature reasonably well, but they do not reproduce precipitation very accurately. They also cannot reliably project changes in climate variability, such as changes in the frequencies of droughts, which also could have a significant effect on vector-borne disease transmission. Nevertheless, GCMs currently provide the most advanced means of predicting the potential future climate consequences on a grid base (13) .
The GCM used in this study is that of the UK Meteorological Office (14) , using a grid resolution of 50 latitude by 7 
Epidemic Potential
Malaria is caused by species of th Plasmodium (of which P. vivax broadest geographic range and parum is the most dangerous clinically), and the vector responsible for malaria transmission is the mosquito of the genus Anopheles. The life cycle of the malaria parasite involves transmission both from mosquito to man and from man to mosquito, effected by the bite of a female mosquito. Inside the mosquito, the extrinsic development of the parasites takes several days.
A measure that summarizes many important processes in transmission of infectious diseases is the basic reproduction rate (RO). For the malaria microparasite, R1 is more precisely defined as the average number of secondary infections produced when one infected individual is introduced into a host population where everyone is susceptible (17) . The basic reproduction rate is measure of an individual parasite's reproductive potential, and enables us to simplify the epidemiology of malaria. Basically, if Ro >1, the disease will spread indefinitely; if Po <1, the disease will die out.
The vector density is one parameter in the basic reproduction rate that is strongly related to local environmental conditions. Change in the number of existing malaria vectors with time varies greatly between species, being determined by numerous biological and physical factors such as the availability of species-specific breeding sites, the presence of predacious fish or other natural enemies, the hydraulics of bodies of water, and the type of vegetation present. It is impossible to estimate the change in vector abundance over large areas as a result of temperature, precipitation, and humidity changes using an aggree malaria gated model such as ours (18 
Climate Effects
The distribution and population dynamics of malaria are probably more governed by abiotic than biotic factors (19 (20) . The number of blood meals a mosquito takes from humans is the product of the frequency with which the vector takes a blood meal and the proportion of these blood meals that are taken from humans (the human blood index). The frequency of feeding depends mainly on the rapidity with which a blood meal is digested, which can be calculated by means of a thermal temperature sum, increasing as temperature rises (see Table 1 ).
The female mosquito has to live long enough for the parasite to complete its development. Between certain limits, longevity of a mosquito decreases with rising temperature and increases with increasing relative humidity (21) . Mosquitoes prefer humidities above 60%, and optimum temperature for mosquito survival is in the range of 20-25°C. Excessive temperatures will increase mortality, and there is a threshold temperature above which death ensues. Similarly, there is a minimum temperature for the mosquito to become active. Based on data reported by Boyd (22) and Horsfall (23), we assumed a daily survival probability of 0.82, 0.90, and 0.04 at a temperature of 9, 20, and 400C, respectively.
Rainfall plays a crucial role in malaria epidemiology because it provides the medium for the aquatic stages of the mosquito life cycle. Rain may prove beneficial to mosquito breeding if moderate, but if excessive it may flush out the mosquito larvae. Rainfall may also increase the relative humidity and hence the longevity of the adult mosquito. The relationships among changing temperatures, precipitation, and relative humidity, however, are complicated and the processes affecting atmospheric humidity suggest only a small change in relative humidity as the atmosphere gets warmer (24) . The introduction of largescale irrigation schemes has also reduced the significance of local rainfall in the epidemiology of vector-borne diseases to some extent (25) . However, because rainfall may be a limiting factor in vector breeding, we imposed a minimum amount of precipitation needed for mosquito development. Using a minimum value of 1.5 mm per day allows us to exclude dry areas from malaria transmission, roughly coinciding with the present distribution limits of endemic malaria areas. Uncertainties Our estimate of the epidemic malarial potential, using A. macullipennis data on blood-digestion and a universal relationship between temperature and daily survival probability, contains many uncertainties. Ideally it should be calculated separately for each mosquito species in a given location. The epidemic potential of malaria is most sensitive to changes in mean survival probability and development time of the parasite. The effects of different values of maximum mosquito longevity and minimum temperature requirements for parasite development on epidemic malaria potential are illustrated in Figure 2 . As temperature increases, epidemic potential increases until a maximum is reached. At high temperatures, the accelerated development of the parasite and the increased biting rate can no longer compensate for the decreasing mean life expectancy among the mosquitoes. The distributions shown in Figure 2 indicate that, in temperate climates, small increases in temperature can result in large increases in epidemic malaria potential, irrespective of the values chosen for the maximum daily survival probability (Pma) or minimum temperature for parasite development (Tmin). Although the maximum values for the epidemic potential are found in the range 29-33°C, the actual transmission intensity also depends on vector abundance. Optimal temperature for the rapid expansion of a population of malarial mosquitoes is found between 20 and 30°C, which may increase transmission potential. Therefore, within this temperature range and with rainfall and humidity being optimal for mosquito breeding, our results will underestimate the change in transmission potential of mosquito populations due to climate changes. On the other hand, if the amount of rainfall (above the threshold limit of 1.5 mm day) is not optimal for mosquito breeding and development, our results are likely to overrate the changes in malaria risks. Health Impact We estimated the effect of anthropogenic climate change on malaria incidence and disease burden for highly endemic areas, mainly found in tropical Africa, and for areas of lower endemicity found in other parts of Africa, South America, and Southeast Asia. In tropical Africa attention has been restricted to P. falciparum, the predominant species responsible for most malaria mortality. In areas of lower endemicity, we have simulated changes in numbers of healthy years lost for both P. vivax and P. falciparum. Most developed countries will be in a position to take mitigating measures as malaria transmission potential increases; here the numbers of healthy life lost due to malaria infection will remain negligible compared with the endemic areas in the world.
The model framework used to describe the malaria transmission dynamics in the human population is based on a standard population model (26) combined with an epidemiological model for infectious diseases (27) . The population model calculates future population figures on the basis of United Nations projections (28), including those for fertility. The human population at risk to malaria is defined for a younger age class from 0 to 4 years old, and an older age class of 5 years and older to account for age-specific differences in fatality rates (29) . This population is divided into the three categories of the epidemiological model: susceptible, infected, and immune (see Fig. 1 ). The rate at which people become infected depends on the basic reproduction rate, which changes with climatic conditions. After entering the infected state a person its severity, mainly due to anemia and premature death.
Our simulation includes the concept of disability-adjusted life years (DALY) (30) to arrive at a single measure of the health impact of malaria. For each death, the number of years of life lost is defined as the difference between the actual age at death and the present upper life expectancy for humans as a reference. In the case of disability due to malaria, the incidence of the disease is multiplied with the expected duration of the condition and the severity of the disability. An average disability weight of 0.6 has been added to the periods spent with malaria (we assumed that a clinical attack lasts for 7 (31, 3) .
In the estimates of the excess disease burden in endemic areas, the malaria conditions are assumed to be in equilibrium in the year 1990 (equilibrium values for disease burden, calculated for the year 1990, are: highly endemic areas P. falciparum: 73.3; low endemic areas P. falciparum: 5.8 and P. vivax-1.4 DALYs/1000 population). For the stable, highly endemic regions of tropical Africa, this assumption seems to be justified. However, for the unstable areas of lower endemicity, this assumption will often be inappropriate.
Results
We used the epidemic potential to estimate the effect potential of a change in average seasonal temperature and precipitation patterns on malaria transmission, as estimated using the UKMO-GCM. Figure 3 depicts the global distribution of the potential malaria risk areas and the estimates of 39 absolute limits of the possible geographic extension of malaria transmission in the years 1990 and 2100 for the AP Because of their high potential receptivity, the highest risks for the introduction of malaria transmission remain in the nonendemic regions bordering on malarial areas. Of particular importance is the increase of epidemic potential at higher altitudes within malarial areas such as the eastern highlands of Africa or the Andes region in South America, where an increase in temperature of several degrees may raise the epidemic potential sufficiently to change normally nonmalarial areas to areas with seasonal epidemics. Figure 5 presents the excess disease burden as climate changes according to the AP and BaU scenarios. Because disease burden is influenced by the population's demographic evolution, values for the disease burden attributable to the AP and BaU scenarios are obtained by subtracting the baseline projections; i.e. demographic changes within an unchanging climate, from the estimates obtained according to the two climate change scenarios under consideration. The results show that, even for the AP scenario, in areas of lower endemicity, a relatively small increase in malaria transmission potential may lead to a considerable increase in incidence of people suffering from malaria. Where malaria is rife, there are high levels of immunity in the population, and the change is far less pronounced. However, the major part of the disease burden due to high-fatality malaria will remain in the highly endemic countries of tropical Africa. A different situation can be expected in currently endemic areas and areas bordering on them in the subtropics, a result supported by other studies (7, 33) . In the highly endemic malarial areas of tropical Africa, the incidence of malaria and consequently the number of years of healthy life lost due to malaria may increase. In the malarial areas of lower endemicity, the incidence of infection is far more sensitive to climate changes. Therefore, anthropogenic climate change may have substantial effects on years of life lost in such areas.
The change in malaria risk as simulated must be interpreted within the framework of local conditions and developments, such as the health services, the parasite reservoir, and mosquito densities. The large-scale migration of populations from areas in which malaria is endemic into receptive areas, a movement induced by rural impoverishment and inevitably influenced by climatic changes, will play an important role in the dynamics of the disease. Therefore, the extent of an increase in malaria risk will be superimposed upon the change in malaria transmission associated with socioeconomic development, population growth, and the effectiveness of control measures. Given that resources are insufficient to deal adequately with malaria in the most affected regions, increased risk of malaria 
